Introduction
Acute myeloid leukemia (AML) is a clinically and genetically heterogeneous group of hematological clonal disorders, with a 5-year survival rate of approximately 25%. [1] [2] [3] [4] AML is also the most common acute leukemia in elderly patients. Approximately 20,000 new cases of AML are diagnosed per year in the US. 1, 2 According to 2010-2012 data from the Surveillance, Epidemiology, and End Results Program of the National Cancer Institute, approximately 0.5% of males and females in the US will be diagnosed with AML at some point during their life. The incidence of AML increases with age, from ~1.3 cases per 100,000 in individuals <65 years of age to ~12.2 cases per 100,000 individuals >65 years of age. AML is primarily a disease of elderly patients, with an estimated overall median age of approximately 70 years. 5, 6 Induction therapy with cytarabine and an anthracycline remains the standard of care for younger patients with AML (<60 years of age). 7 Allogeneic stem cell transplantation has also been shown to improve outcomes among younger patients with intermediate-or high-risk cytogenetic AML. [8] [9] [10] [11] However, more than 70% of patients with AML are >60 years of age, and this excludes that strategy as a treatment option
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Xie et al for the majority of patients with AML. 12 Treatment options for elderly patients with AML who have a poor prognosis with a projected median overall survival (OS) of <1 year and a 5-year OS of 10%-20% are a considerable therapeutic challenge. [13] [14] [15] Furthermore, in the US, less than 50% of subjects with AML over 65 years of age receive therapy within 3 months of diagnosis. 16 The outcomes for patients with relapsed or refractory AML are even worse. Currently, there is no standard therapy for relapsed/refractory AML. Consequently, there is a clear need for new therapies for the treatment of AML that exhibit better efficacy and less toxicity, and permit an individualized approach to treatment.
Lenalidomide is a derivative of thalidomide, approved by the US Food and Drug Administration for hematological malignancies. The mechanism of action for lenalidomide in AML is not completely understood, although it has been shown previously to reduce cell proliferation, enhance apoptosis, interrupt tumor-stroma interactions, and alter innate and adaptive immune responses. 17 Several studies have investigated lenalidomide as a therapy for AML. For example, Blum et al showed that monotherapy with lenalidomide was clinically active for AML, with a complete remission (CR) of 16%. 18 Fehniger et al further demonstrated that high-dose lenalidomide (50 mg/day), as an initial therapy in elderly AML patients, had a 30% combined CR/incomplete CR (CRi). 19 However, a recent study showed that lenalidomide alone or sequential azacitidine and lenalidomide was no better than azacitidine alone in patients >65 years with newly diagnosed AML. 20 Thus, whether lenalidomide improves treatment response in AML remains controversial. This metaanalysis was designed to evaluate the efficacy and safety of lenalidomide for the treatment of AML. Our analysis is based on a review of published clinical studies of AML patients treated with lenalidomide.
Materials and methods

Search methods and the selection of studies
A systematic review of data from eleven published studies was performed using the methods described in the Cochrane Handbook for Systematic Reviews of Interventions. 21 Potentially eligible studies were identified by searching the Cochrane Central Register of Controlled Trials, PubMed, Embase, and the ClinicalTrials.gov using a combination of subject headings and text words to identify relevant trials. The search was performed for clinical studies published from inception until January 2018. The PubMed search strategy included combinations of the following terms: {("acute myeloid leukemia" OR "AML" OR "acute leukemias" OR "acute leukemia" OR "Leukemia, Myeloid, Acute" [MeSH]) AND ["lenalidomide" OR "Revlimid"]}. A very similar strategy was employed for the search of other databases. The reference lists of eligible trials and reviews were also evaluated for additional clinical data sources.
Two reviewers (CX and JH) independently screened studies for further inclusion in the meta-analysis. Prospective studies for meta-analysis were selected irrespective of blinding, language, publication status, date of publication, and sample size. Only studies that enrolled patients with a diagnosis of AML, consistent with the WHO classification for AML, were included in our meta-analysis. Data for patients treated with lenalidomide monotherapy, lenalidomide in combination with azacitidine, or lenalidomide in combination with cytarabine were evaluated in the meta-analysis. No dosage restriction was applied.
Types of outcome measures
The primary outcomes for this meta-analysis were overall response rate (ORR) and CR. Outcomes were assessed according to the International Working Group response criteria for AML. CR was defined as following: <5% blasts in bone marrow, >1.0×10 9 /L neutrophils, and >100×10 9 /L platelets in peripheral blood without evidence of extramedullary leukemia. 22, 23 CRi was defined as a CR with incomplete recovery of peripheral blood counts. 23 ORR comprised both CR and CRi. Secondary outcomes included OS, defined as the time from the start of treatment until death from any cause, and safety, which was evaluated based on the incidence of grade 3 and 4 treatment-related adverse events (AEs).
Data extraction
The two authors independently screened search outputs, identified eligible studies, examined outcomes, retrieved full texts, and assessed studies and data for inclusion. A standardized form was used to collect data and to assess the quality of the studies included in our analyses. The two authors extracted data independently. Missing data were requested from the study authors.
Risk of bias
The Newcastle-Ottawa Quality Assessment Scale for Cohort Studies was applied, with some adaptions, to evaluate the quality and risk of bias for all papers included in this systematic review. 24 The two authors independently assessed the 
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Lenalidomide for acute myeloid leukemia risk of bias for all studies. Where ten or more studies were identified for each outcome, publication bias was evaluated by the visual assessment of funnel plots.
Statistical analysis
Statistical analysis was conducted using meta-analysis software "Comprehensive Meta-Analysis 2.0" (Biostat, Englewood, NJ, USA). Statistical heterogeneity across studies was analyzed using the chi-squared test and I 2 statistic; higher values indicated a greater degree of heterogeneity. This criterion was used to determine whether a fixed-or random-effects model was appropriate for subsequent data analysis. Estimated proportions with 95% CIs were calculated for all ratio outcomes.
Subgroup analysis for response rate was performed based on lenalidomide monotherapy or lenalidomide in combinations, cytogenetic risk, and AML type if relevant data were available.
Results
Search results
Our initial search yielded 284 articles. After exclusion, based on title and abstract, 21 full-text articles were reviewed and eleven observational studies were included. [18] [19] [20] [25] [26] [27] [28] [29] [30] [31] [32] Screening of the reference lists for additional studies or referring articles did not yield any further articles for inclusion. Figure 1 shows a flowchart for study selection. [18] [19] [20] [25] [26] [27] [28] [29] [30] [31] [32] The studies included in this meta-analysis showed high variability in terms of the number of AML patients, ranging from 18 to 66. The median age for AML patients in these studies ranged from 63 to 76 years with the proportion of women ranging from 33% to 57%. The characteristics of the studies included in our metaanalysis are described in Table 1 .
Though only one of the studies included in our meta-analysis was a randomized controlled trial, the "gold standard" trial design for clinical investigations, the included studies of our meta-analysis were selected on the basis of rigorous criteria to ensure a robust analysis of the efficacy and safety of lenalidomide in AML. Study quality scoring is shown in Table S1 .
Funnel plots did not reveal any substantial publication bias in terms of the main outcomes of this meta-analysis.
Efficacy
The ORR of eleven studies [18] [19] [20] [25] [26] [27] [28] [29] [30] [31] [32] were moderately heterogeneous (P=0.086, I 2 =38%). Thus, the fixed-effect model was chosen for subsequent meta-analysis. The pooled estimate for the overall ORR was 31% (95% CI: 26%-36%; Figure 2 ). Subgroup analysis revealed that AML patients treated with lenalidomide monotherapy had a relatively low ORR (22%, 95% CI: 15%-31%), while patients treated with lenalidomide combinations had a higher ORR. The ORR for patients who were treated with lenalidomide in combination with azacitidine was 31% (95% CI: 24%-40%), and the ORR for patients who were treated with lenalidomide in combination with cytarabine was 36% (95%: CI 28%-45%; Figure 2 ).
The CR of eleven studies [18] [19] [20] [25] [26] [27] [28] [29] [30] [31] [32] was moderately heterogeneous (P=0.018, I 2 =52%). Thus, the fixed-effect model was chosen for subsequent meta-analysis. The pooled estimate for the overall CR was 21% (95% CI: 16%-27%; Figure 3 ). Subgroup analysis revealed that AML patients treated with lenalidomide monotherapy had a relatively low CR of 14% (95% CI: 9%-22%), while patients treated with a combination of lenalidomide and azacitidine and lenalidomide and cytarabine had higher CRs of 22% (95% CI: 15%-31%) and 31% (95% CI: 19%-46%; Figure 3 ).
The OS of AML patients treated with lenalidomide was reported in six articles; in these articles, the median OS ranged from 2 to 8.2 months (Table 1) .
Safety
Relevant safety data for lenalidomide were presented in ten articles and included the type, severity, and incidence of and S2: thrombocytopenia 56% (95% CI: 46%-66%), neutropenia 40% (95% CI: 33%-48%), anemia 34% (95% CI: 27%-42%), fatigue 19% (95% CI: 14%-25%), and electrolyte disturbance 18% (95% CI: 13%-25%). Infections and neutropenic fever were the most frequent complications, affecting 29% of cases (95% CI 23%-36%) and 35% of cases (95% CI 30%-41%), respectively.
Subgroup analysis
Subgroup analysis of AML type showed that the untreated AML patients had a relatively high ORR (33%, 95% CI: 28%-39%; Figure S3 ), while the ORR of relapsed/refractory AML patients was 21% (95% CI: 14%-32%), but the Figure S4 ) and that of unfavorable risk was 21% (95% CI: 13%-31%), suggesting that lenalidomide had slightly higher effects in the intermediate-risk patients. Unfortunately, a lack of data prevented us from evaluating favorable risk.
Randomized study of lenalidomide for aMl treatment
Only one of the studies included in this meta-analysis was a randomized controlled trial. 20 This particular study examined the effects of lenalidomide, sequential azacitidine and lenalidomide, or azacitidine only in individuals >65 years with newly diagnosed AML. Eighty-eight patients were randomized to one of the following groups: continuous high-dose lenalidomide (n=15), sequential azacitidine and lenalidomide (n=39), or azacitidine only (n=34). Patients who received continuous high-dose lenalidomide or sequential azacitidine and lenalidomide showed remissions similar to those who received the conventional dose and schedule of azacitidine, based on CR and CRi. Patients receiving continuous high-dose lenalidomide, or sequential azacitidine and lenalidomide did not show any improvement in 1-year survival when compared to those receiving azacitidine alone. At a continuous high-dose schedule, lenalidomide was poorly tolerated, with a high rate of patients opting to discontinue their treatment at a point early in therapy. Consequently, these data do not favor the use of continuous high-dose lenalidomide, or sequential azacitidine and lenalidomide, over the conventional dose and schedule of azacitidine in patients >65 years of age with newly diagnosed AML.
Discussion
Lenalidomide is an immunomodulatory agent that exhibits clinical activity against several myeloid malignancies including AML. This agent has been approved in the US and several other countries for the treatment of low-risk (low/intermediate-1) MDS patients with a deletion 5q abnormality. Even though there is a high prevalence of AML at present, there is still a paucity of randomized controlled trials examining the effect of lenalidomide in the treatment of AML. None of the trials investigated featured a placebo-control and most of the studies included in our meta-analysis were small openlabel trials. The only randomized controlled trial we identified assessed the use of lenalidomide for newly diagnosed AML, and was not a placebo-controlled trial. Thus, the evidence in support of lenalidomide improving response rate in AML remains controversial, leaving clinicians with little information to use as a guide for the treatment of AML with lenalidomide. However, our present study may provide some evidence for the effect of lenalidomide as a single agent, or in combinations with other agents, as a form of treatment for AML.
The response rate of approximately 30% observed in our study was not dissimilar to previous response rates of patients undergoing regimens with either cytarabine or azacitidine alone. 7, 33 A previous pre-clinical study found that lenalidomide may enhance translation of the C/EBPα-p30 isoform, resulting in higher levels of miR-181a; 34 higher expression levels of miR-181a is associated with an increased sensitivity to apoptosis-inducing chemotherapy in AML patients. 34 Thus, higher levels of miR-181a expression are associated with a favorable response to treatment and better outcomes.
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However, our present study found that a combination of lenalidomide with cytarabine-or azacitidine-based regimens may have exacerbated the toxicity of their combination without capitalizing on the potential for synergy. The only published randomized controlled trial in this particular area also found that lenalidomide sequential azacitidine did not improve remission or 1-year survival compared to treatment with azacitidine alone. Recently, Visani et al published two studies that identified a response-predictive gene expression signature; 31,32 these authors found that targeted global gene expression profile (GEP) can be regarded as a useful pre-treatment assessment to identify patients more likely to achieve a CR and a prolonged survival. 33 More studies are therefore required in the future; these should evaluate the use of pre-treatment GEP to identify which population of AML patients is most likely to achieve remission with lenalidomide.
Cytogenetic risk is an important prognostic impact factor for AML patients. Our meta-analysis found that one-third of intermediate-risk and unfavorable-risk patients with AML responded to lenalidomide in combination with azacitidine. Furthermore, 31% of relapsed/refractory patients with AML responded to lenalidomide in combination with cytarabine. In fact, genomic abnormalities are likely to be the fundamental determinants of response to chemotherapy and survival in AML.
38,39 However, following the combination of lenalidomide plus cytarabine or azacitidine, the cytogenetic risk and relapsed/refractory were shown to exert only minimal impact on the outcomes of our study. At present, we do not understand the mechanism of how lenalidomide acts in 
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Xie et al unfavorable-risk patients and relapsed/refractory patients with AML. Thus, this result of our study raises the question of whether pre-treatment molecular testing may provide the key to identifying specific patients most likely to respond to lenalidomide.
There are several limitations to this meta-analysis. Firstly, despite similar inclusion criteria and clinical assessments, some heterogeneity in the results was observed. Secondly, the sample size and number of studies used in the subgroup analysis were relatively small. Thirdly, the effects of OS, lenalidomide treatment regimens, and treatment response interactions were not explored, because there was an insufficient amount of data available. Finally, only published studies were included, which limited the amount of data available for our meta-analysis.
Results from current unpublished studies may have an impact on these findings and should therefore be considered in the future. Despite these limitations, however, this paper reports a comprehensive meta-analysis that assesses the efficacy and safety of lenalidomide for the treatment of AML patients.
Conclusion
In conclusion, our meta-analysis found that one-third of the AML patients responded to lenalidomide treatments, and the cytogenetic risk and relapsed/refractory were shown to exert only minimal impact on the outcomes of lenalidomide treatments. Thus, lenalidomide may have some clinical activity in AML, but the population that would benefit from lenalidomide and incorporating lenalidomide into combination drug strategies need to be better defined. Several other factors may potentially undermine the validity of these findings, such as the limited number of studies, small sample size, and dose variability. There is an urgent need for more high-quality research evaluating lenalidomide monotherapy or lenalidomide in combination with other agents for the treatment of specific AML patients.
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